Environmental stress conditions influence the growth and survival of rhizobia by affecting the signalling and infection process, nodule development and function. Stress factors such as osmotic stress, extremes of temperature and pH and accumulation of heavy metals result in reduced nodulation, leading to low levels of nitrogen fixation and crop yield. Some species of rhizobia are known to be tolerant to biotic and abiotic stresses and utilization of these stress-tolerant rhizobia strains as inoculants, can greatly improve biological nitrogen fixation. This review highlights the main environmental stresses known to cause cause rhizobial cell damage and death, including temperature, desiccation, drought, salinity, pH and heavy metal stresses. An understanding of the key physiological and molecular factors of how these stress responses affect the survival of rhizobia is crucial in the development of strains with high potential in symbiotic nitrogen fixation. Key responses range from expression of stress-linked genes and proteins which aid in cell repair and protection, accumulation of compatible solutes such as sugars and polymers, carbon enrichment in drought stress, to extrusion of heavy metals. Biological nitrogen fixation can be improved by the selection of nitrogen-fixing endosymbionts that are well-adapted and tolerant to a broad range of environmental stresses is important in alleviating the effects of adverse conditions, potentially increasing the chances of success of legume inoculation with rhizobia thus improving the contribution of atmospheric nitrogen fixation in agroecosystems.
Introduction
Biological Nitrogen Fixation (BNF) is a key strategy in reducing environmental pollution caused by the excessive use chemical fertilizers, and can lead to significant improvement in crop yields and agricultural productivity through the utilization of effective rhizobia inoculants. (Compant et al. 2010; Lesueur et al. 2016; Saikia et al. 2012) . Rhizobia naturally occur in environments, particularly in high latitude areas and to varying degress in different longitudinal points across the globe (Sprent et al. 2017) . Rhizobia are able to form a symbiotic association with legumes and fix atmospheric nitrogen (constituting about 78-80% gaseous nitrogen), which can be converted to plant available forms through the process of BNF (Lesueur et al. 2009 ). The symbiotic association between rhizobia and legume hosts takes place in specialised root or stem organs called nodules, within which rhizobia enzymatically convert atmospheric nitrogen (N 2 ) to ammonia (NH 3 ), which can be absorbed by the plant in exchange for carboncontaining compounds (Kala et al. 2011 ).
There two main classes of rhizobia -Alphaproteobacteria and Betaproteobacteria, commonly known as Alpha-rhizobia and Beta-rhizobia respectively (Sprent et al. 2017) . A third class of rhizobia -the Gammaproteobacteria -have been also proposed (Gyaneshwar et al. 2011; Moulin et al. 2015) . Bradyrhizobium (Bradyrhizobiaceae) is the largest genus of rhizobia currently described in terms of number of described isolates and widest range of legume and non-legume hosts (Parker 2015) . Bradyrhizobia species have been reported to be dominant in Australia and South America, and particularly nodulate native legumes growing in dry soils and acidic environments (Fonseca et al. 2012; Lafay and Burdon 1998; Stępkowski et al. 2012) . They also nodulate woody species as well as an increasing number of newly evolving legume species (Fonseca et al. 2012; Parker 2015; Sprent et al. 2017) . The second family of rhizobia known as Rhizobiaceae is also widespread, particularly the Rhizobium and Ensifer (formerly known as Sinorhizobium) genera, nodulating a variety of legumes (Peix et al. 2015) . Ensifer species often nodulatelegumes native to semi-arid and alkaline soils (Sankhla et al. 2017; Yates et al. 2004) . Mesorhizobium is the third largest rhizobia genus in the Alpha-rhizobia class and are also widespread and commonly isolated from acidic soils (Lemaire et al. 2015) . Mesorhizobium is associated with a variety of legume hosts with a preference to chickpea (Cicer arietinum L.) grown in alkaline soils (Zhang et al. 2012) . The rhizobial genus, Azorhizobium, while not as widespread as the first three genera have been associated with a few tropical Sesbania species, where they form photosynthetic stem nodules (James et al. 1998; Sprent et al. 2017) .
The second main class of Beta-rhizobia consists of Paraburkholderia (formerly known as Burkholderia) and Cupriavidus (formerly known as Ralstonia) (de Castro et al. 2018; Sprent et al. 2017) . While some species of Burkholderia are known to be potential pathogens, the nodulating species are largely non-pathogenic (Estrada-De Los Santos et al. 2016) and are associated with members of Mimosoideae and diverse Papilionoid species, both of which reported to have preference for high altitude areas and acidic soils (De Meyer et al. 2016; Garau et al. 2009; Gyaneshwar et al. 2011; Lemaire et al. 2015) . Cupriavidus taiwanensis was initially described as a symbiont of invasive Mimosa species found in Taiwan and is currently believed to originate from the neotropics (Gyaneshwar et al. 2011; Moulin et al. 2015; Remigi et al. 2016) . Cupriavidus sp. is known to be tolerant to heavy metals, such as copper, zinc and lead, and can be the dominant symbiont to Mimosa in less acidic soils and/or containing high heavy metal concentrations (Platero et al. 2016; Sprent et al. 2017) .
Legumes have evolved to be one of the contributors to ecological and economic benefits in agricultural systems (Sprent et al. 2017) . Inoculation of legumes has been used in agricultural systems to deliver rhizobia to the soil where there are no compatible rhizobia, the rhizobia numbers are insufficient to maximise BNF (Atieno et al. 2012; Catroux et al. 2001; Deaker et al. 2012) , or the native rhizobia are ineffective. It aims to provide high numbers of viable effective rhizobia to the rhizosphere to allow rapid colonisation, nodulation and nitrogen fixation by the selected inoculant strain and maximise legume yield potential (Roughley et al. 1993) . Legume inoculation can lead to the establishment of large effective rhizobial populations in the rhizosphere, improved nodulation and BNF (Kala et al. 2011) . A recent success storyon a soybean inoculation program in Brazil and BNF has been documented by Alves et al. (2003) . With an increase in soybean production coupled with improved varieties for low-fertility tolerance, disease and pest resistance, BNF was the key addition to the soybean program to maximize on nitrogen fixation. Various Bradyrhizobium inoculants were introduced to the Brazilian soybean farms and over time the elite introduced strains out-competed the native strains and resulted in significant yield increases (Alves et al. 2003) . The authors reported that Brazil currently serves as a role model for BNF inputs to the rest of the world, especially in increasing legume grain yields and reducing the use of chemical inputs.
Legume inoculation can deliver highly effective rhizobia either directly by inoculating soil or indirectly, by inoculating seed Deaker et al. 2004) . Soil application requires large volumes of inoculant for adequate distribution of rhizobia and thus inoculation of legume seed is a more economical way of introducing rhizobia into the rhizosphere . Seed inoculation requires the application of a sizable population of compatible rhizobia to seed and their subsequent survival on seed and in the soil before germination (Roughley et al. 1993) . However, it is critical that the process of seed inoculation is not detrimental to rhizobial viability prior to sowing . Even in the absence of stress-related suppression of rhizobial numbers, intraspecific competition can arise, particularly where less effective populations are present in soil or have emerged through horizontal transfer of nodulation genes Nandasena et al. 2007 ). In the development of new microbial inoculants, emphasis needs to be placed on formulating a carrier that can protect the microorganisms from harsh conditions from the point of production, during storage and delivery to the soil (Herrmann et al. 2015) . Application of inoculant by commercial seed coaters has the potential to improve the reliability of inoculated seed quality by allowing better control and standardisation of coating methods . However, problems facing the seed coating industry are poor survival of the inoculant rhizobia, where surveys have indicated that numbers rarely satisfy numerical standards, and the lack of accessible tools for rapid monitoring of rhizobial viability Gemell et al. 2005) .
Survival of rhizobia is highly affected by biotic and abiotic stresses such as extremes of drought, temperatures, salinity, desiccation, heavy metals and osmotic stresses, which are likely to increase due to effects of climate change (Fig. 1) . Some species and strains of rhizobia possess the ability to survive and function these stress conditions. The mechanisms of stress tolerance by microorganisms range from influencing physical-chemical soil properties through biofilm formation and exopolysaccharides formation, as well as the induction of proteins for heat, osmotic, salinity, drought and chilling stress conditions (Bashan et al. 2014) . In response to stress, rhizobia can regulate the composition of the cell envelope or accumulate compatible solutes such as amino acids (glutamate, glutamine, proline), amino acid derivatives such as peptides and Nacetylated amino acids, and sugars (trehalose, sucrose) (da Costa et al. 1998; Kempf and Bremer 1998; Wdowiak-Wróbel et al. 2016) .
The ability of rhizobia to survive and persist in the absence of the host legume plant directly relates to their ability to endure stress factors not experienced during symbiosis, where the nodule represents a protective environment (Mhadhbi and Aouani 2008) . Several genes and proteins involved in stress response have been overexpressed in rhizobia to attempt to improve their symbiotic performance particularly under stress conditions such as salinity, oxidative, drought, pH, heat or biotic stress (Nomura et al. 2010 ). Overexpression of these stress genes has contributed to improved stresstolerant rhizobia strains.
Successful N-fixation by rhizobia is achievable if the rhizobial cells survive the adverse environmental conditions in the rhizosphere. Understanding the stress tolerance mechanisms in rhizobia can form a model for adaptations and response mechanisms to cope with environmentally-induced stresses and different tolerance mechanisms have evolved to enable rhizobia to survive in challenging conditions. In this review, we describe various environmental stresses affecting survival of rhizobia in the soil, rhizosphere and during inoculant production, and highlight the key factors and candidates of stress response that can significantly enhance BNF.
2 Physiological and morphological responses influencing survival of rhizobia to environmental stressors
Temperature stress
Root zone temperature influences the survival of rhizobia in soil, nodule establishment, as well as the exchange of molecular signals between the two symbiotic partners (Sadowsky 2005) . High temperatures can have an inhibitory effect on adherence of rhizobia to the legume roots, root hair formation and formation of the infection thread. High temperatures can also affect nodule functioning by decreasing the rate of nitrogenase activity, leghaemoglobin synthesis, and enzyme activity (Hungria and Vargas 2000) . On the other hand, low temperatures can affect rhizobia survival by inhibiting or delaying the process of nodulation and nitrogen fixation (Graham 1992) . Zhang et al. (1995) reported the influence of low root zone temperature in nodulation and nitrogen fixation, which slowed down and even shut down key nitrogen fixation processes within a temperature shift from 25°C to 15°C. Another study on Bradyrhizobium japonicum reported a significant decrease in Nod factor production at temperatures of 17°C and 15°C (Duzan et al. 2006) , while lentil strains showing delays in nitrogen fixation only at 17°C (Lira Junior et al. 2005) .
The optimum temperature for growth and survival of rhizobia is 25-30°C, however, during the life cycle of rhizobia, they are subjected to extremes of temperature outside of this range (Zhang et al. 1995) . For instance, soybean rhizobia survive poorly at 40°C and are not capable of growth beyond 45°C (Chen et al. 2002a) . High temperatures lead to increased water loss by transpiration causing reduced rhizobial growth, rate of colonization, nodule size and number, as well as delayed nodulation (Gopalakrishnan et al. 2015) . Several studies have reported this phenomenon, for example, rhizobia isolated from the Sahel Savannah, a hot and dry area, was reported to withstand temperatures of up to 45°C, but eventually lose their infectiveness (Eaglesham and Ayanaba 1984; Gopalakrishnan et al. 2015; Karanja and Wood 1988) . Similarly, a heat treatment of 35°C and 37°C of R. phaseoli was found to cause loss of plasmid DNA synthesis and other symbiotic properties (Beltra et al. 1988 ). In contrast, at 35°C and 38°C, one strain of R. leguminosarum bv. phaseoli was found to be infective and even though it formed nodules with Phaseolus vulgaris, these nodules were found to remain ineffective (Gopalakrishnan et al. 2015; Hungria and Franco 1993) .
A study by Nandal et al. (2005) reported a thermosensitive Rhizobium mutant strain at with a protein profile different from the wild type strain above 43 deg. The Rhizobium mutant showed overexpression of proteins such as DnaK. Upon exposing the wild and heat resistant Rhizobium sp. to 30 and Opportunities for improved legume inoculants: enhanced stress tolerance of rhizobia and benefits to...
43°C
, changes in the cell surface including extracellular polymeric substances/exopolysaccharides (EPS), LPS and proteins were demonstrated (Nandal et al. 2005) . Rodrigues et al. (2006) reported a GroEL protein in chickpea rhizobia that was consistently overexpressed in isolates subjected to extremes of temperature. The molecular mechanisms underlying temperature stress tolerance in rhizobia has mainly targeted the chaperones (DnaKJ and GroESL) ( Table 1) . A study on bean nodulating rhizobia, compared a heat-tolerant and heat-sensitive strainand identified common proteins highly expressed after a temperature upshift, particularly proteins of low molecular mass (Münchbach et al. 1999) . These small heat shock proteins (sHSP) were further investigated because a high number of heat inducible sHSP seemed to be a typical rhizobia feature (Münchbach et al. 1999) . Heat tolerance of Rhizobium leguminosarum bv. trifolii strains has also been linked to cryptic plasmids which induce the synthesis of heat shock proteins upon exposure to above normal growth temperatures (Baldani et al. 1992) . Vanderlinde et al. (2010) also noticed the production of EPS in rhizobia as another tolerance mechanism to temperature stress. The response of rhizobia to cold shock allows low temperature adaptations and continued growth through an immediate and transient response to temperature downshift. Rhizobia strains found in the Arctic region synthesize cold-shock proteins under minimal growth temperature of up to -10°C (Cloutier et al. 1992; Lebrazi and Benbrahim 2014) . These cold shock proteins have been reported in Ensifer meliloti and Rhizobium leguminosarum bv. viciae, and were shown to bind to the nucleic acid to stabilise mRNA for the process of translation (Drouin et al. 2000; O'Connell and Thomashow 2000) .
Osmotic stress
Osmotic stress influences the survival and root colonization by rhizobia by inhibiting infection, nodule development and nitrogen fixation, as well as decreasing relative water content and legume growth (Sassi-Aydi et al. 2014) . Osmotic stress causes accumulation of compatible solutes, which alters the metabolism, and transport of osmo-protectants (Table 1) . These solutes are elevated to high levels in the cell cytoplasm under osmotic stress, which then take part in cell turgor maintenance and protection of the cells from ions and dehydration damage (Bartels and Sunkar 2005) . Osmotic stress can also induce a balance between external and internal water potential when cells accumulate osmoprotectants or compatible solutes (Nandal et al. 2005) , (Rodrigues et al. 2006) , (Münchbach et al. 1999) , (Atieno et al. 2018) Synthesis of cold-shock proteins (Cloutier et al. 1992) , (Lebrazi and Benbrahim 2014) , (O'Connell and Thomashow 2000) Production of exopolysaccharides (Vanderlinde et al. 2010) Osmotic stress Accumulation of compatible solutes/ osmo-protectants (Deaker et al. 2004) , (da Costa et al. 1998) , (Wdowiak-Wróbel et al. 2016) , (Bartels and Sunkar 2005 ) (Casteriano et al. 2013) Drought Carbon storage/enrichment in the nodules (Serraj 2003) Increased ureide concentration in nodules (da-Silva et al. 2017) (Serraj 2003) Production of antioxidants (catalase), osmolytes, stress proteins, and exopolysaccharides (Hussain et al. 2014) Desiccation Accumulation of sugars e.g. trehalose (Potts 1994 ) Induction of oxidative stress-responsive enzymes, such as peroxidases, catalases and superoxide dismutase, (Ramos et al. 2001) , (Cytryn et al. 2007) Production of exopolysaccharides (Vanderlinde et al. 2010) Upregulation of stress response proteins (Atieno et al. 2018) Salinity Accumulation of osmoprotectants, e.g. betaines, amino acids and sugars (Gouffi et al. 1999) , (Smith et al. 2010) , (Miller-Williams et al. 2006) Intracellular accumulation of organic solutes (Zahran 1999) Heavy metals Production of exopolysaccharides/ biopolymers (Reichman 2007) , (Wu et al. 2010) , (Salehizadeh and Shojaosadati 2003) Methylation, oxidation and reduction, sorption and desorption (Deepika et al. 2016) Bioconversion of toxic metals to less toxic forms (Lima et al. 2006) Chelation of glutathione and other sulphur-rich ligands (Lima et al. 2006 ) (Deaker et al. 2004 ): examples of osmoprotectants include potassium ions, glutamine, quaternary amines, glutamate, proline, and sugars (such as trehalose, sucrose and glycosyl glycerol). The function of these compatible solutes is to maintain protein stability during osmotic stress through a 'preferential exclusion' mechanism, and also to create a balance between the internal water activity and that of the external environment (Deaker et al. 2004) . Compatible solutes accumulate in the cell cytoplasm to balance external osmotic pressure without interfering with the metabolism of the cell (Wdowiak-Wróbel et al. 2016 ). Many rhizobia species including Rhizobium leguminosarum, and Bradyrhizobium japonicum can persist under osmotic stress by accumulation of organic solutes such as carbohydrates and amino acids like proline and glutamate (da Costa et al. 1998) . Ensifer meliloti 102F34 was reported to respond to osmotic stress by accumulating potassium ions, glutamate and glycine betaine (Botsford and Lewis 1990; Casteriano 2013) . Mesorhizobium cicer ch-191 strain was also reported to accumulate proline and glutamate in response to osmotic stress (Soussi et al. 2001 ).
Drought stress
Drought stress is one of the main factors limiting plant growth and productivity globally by preventing water uptake and creating osmotic stress (Kaya et al. 2006; Mouradi et al. 2016 ).
The survival of rhizobia can be directly affected by water stress and drought subsequently affecting nodulation and yield. Several studies have described stress-tolerant cultivars of leguminous plants, including extensive studies of genotypes tolerant to water stress, with only few studies addressing stress tolerance of their rhizobia under these conditions (Johansen et al. 1994; Romdhane et al. 2009; Schneider et al. 1997; Turner et al. 2001) . Drought stress negatively affects BNF by reducing nitrogenase activity and nodulation, thus reducing the number of soil rhizobia and subsequent invasion of roots of legume plants (Silvente et al. 2012) . Moreover, drought stress causes a significant decrease in symbiotic nitrogen fixation, which can be attributed to decline in shoot N demand, accumulation of ureides, decline in enzyme activity, and decreased transpiration rate (Charlson et al. 2009 ). Despite this, several rhizobial strains have shown high level of drought tolerance in symbiosis with tolerant alfalfa genotypes (Latrach et al. 2014; Mouradi et al. 2016) . A study by Gehlot et al. (2012) on the nodulation of legumes growing in arid and semi-arid areas reported significant nodulation on legumes belonging to the Papilionoideae and Mimosoideae groups. The legumes were nodulated with a range of rhizobia species belonging to the genera Ensifer, Bradyrhizobium, and Rhizobium, which showed specific adaptations to the desert conditions. Several mechanisms have been reported to be involved in the physiological response of rhizobia to drought stress such as accumulation of carbon metabolites, oxygen limitation and feedback regulation through the accumulation of nitrogen fixation compounds (Table 1) (Serraj 2003) . Although drought stress affects nodule formation and functioning, the mechanisms of stress tolerance are mainly focused on nitrogenase activity which involves carbon shortage, oxygen limitation and regulation on nitrogen metabolism (Serraj 2003) . Drought-tolerant plant genotypes are speculated to accumulate four times more carbon in the nodules as compare to drought sensitive genotypes. This carbon enrichment has been reported in soybean under drought and is due to enhancement of photo assimilation and increased carbon partitioning in the nodules which help in sustaining nitrogen fixation by rhizobia under soil water deficits . Another hypothesis described by Serraj (2003) and da-Silva et al. (2017) on drought tolerance is the negative feedback response of ureides on nodule activity, characterised by increased ureide concentration in the nodules during drought stress, for legumes such soybean and common bean.. Rhizobium and Mesorhizobium species have also been reported to produce catalase, exopolysaccharides, siderophores and organic acid in response to water deficit conditions, a capability that is key to drought tolerance and improved water and nutrient absorption (Hussain et al. 2014 ).
Desiccation stress
Desiccation tolerance is the ability to survive the removal of all, or almost all, the cellular water, without irreversible damage (Leprince and Buitink 2010) . The main factor affecting survival of rhizobia on seed is desiccation (Deaker et al. 2004) , however, tolerance to desiccation varies between different strains of rhizobia. For instance, Bushby and Marshall (1977) found that slow-growing strains of rhizobia survived better than fast-growing strains after desiccation in sandy soil. Unfortunately, the mechanisms of desiccation tolerance are poorly understood and studies on desiccation tolerance have been limited to the evaluation of survival of a few strains under controlled conditions. Rhizobial responses to desiccation stress are clearly complex given the inherent variability between strains (Vriezen et al. 2007 ). The impacts of desiccation include hyperosmotic stresses, accumulation of salts and solutes, breakdown in the metabolic process at the peak of water activity, and damage due to removal of any aqueous monolayer from macromolecules (Shirkey et al. 2000) .
The ability of rhizobia to withstand desiccation stress calls for a range of mechanisms such as production of extracellular polysaccharides (EPS), lipopolysaccharides (LPS), the accumulation of compatible solutes, as well as the expression of a number of repair and protective proteins (Table 1) . For example, the accumulation or synthesis of sucrose and trehalose (Potts 1994) , and the induction of oxidative stressresponsive enzymes, such as peroxidases, catalases and superoxide dismutase, have been shown to be essential for the survival of cells exposed to long periods of desiccation (Cytryn et al. 2007; Ramos et al. 2001) . Several hypotheses have stated that accumulation of sugars function in stabilising membranes and proteins in the dry state by glass formation (Crowe et al. 2001; Cytryn et al. 2007 ). The intracellular concentration of trehalose is thought to have a major positive impact on the survival of rhizobia by increasing extracellular salt concentrations and decreased levels of oxygen (Hoelzle and Streeter 1990) . Some models suggest a mechanism whereby trehalose fits between the phosphates of adjacent phospholipids replacing four hydrating water molecules, while recent models propose that the solute may physically decrease the force exerted on membranes as they approach one another under desiccation, decreasing membrane fluidto-gel phase transitions (Bryant et al. 2001; Deaker et al. 2004) . Streeter (1985) found variations in the accumulation of trehalose in all species of rhizobia and, in slow growing rhizobia, trehalose accounted for more than 80% of the total monosaccharides and disaccharides, with an evident relationship being reported between the high accumulation of trehalose and survival in liquid culture, as Bradyrhizobium japonicum survived better in liquid culture than the rhizobia fast-growing strains. None of the slow growing strains tested grew with trehalose as the sole carbon source, indicating that these strains may be deficient in trehalose-uptake systems and that accumulation is by de novo synthesis (Streeter 2003) . The addition of exogenously supplied trehalose was also shown to enhance the survival of Bradyrhizobium diazoefficiens USDA 110 T in response to desiccation (Streeter 2003) . In the natural environment, bacteria often produce and thrive within a matrix of EPS, which function to anchor cells to substrata, protect against phagocytosis, mask antibody recognition and prevent lysis by other bacteria (Deaker et al. 2004 ). The protective role of EPS in desiccation is still unclear as there are several conflicting reports. Vanderlinde et al. (2010) demonstrated that the production of EPS positively correlated with desiccation t o l e r a n c e o f R . l e g u m i n o s a r u m . A m u t a n t o f R. leguminosarum bv. viciae 3841, reported a 3-fold reduction in the amount of EPS produced rendering the mutant significantly more sensitive to desiccation stress as compared to the wild-type. However, complementation of the mutant with exogenous EPS prior to drying restored similar levels of desiccation tolerance as the wild-type thus stressing the importance of EPS in desiccation tolerance (Vanderlinde et al. 2010 ).
Salinity stress
Soil salinity is one of the major constraints to crop production with about 40% of the global land surface affected by salinity (Gopalakrishnan et al. 2015) . Salinity affects agricultural production in arid and semiarid regions, where rainfall is limited and insufficient to transport salts from the plant root zone (Munns and Tester 2008) . Salt stress involves a water deficit in the rhizosphere from concentration of salt which leads to homeostasis disruption and changes in protein structure and function, as well as cell ion distribution (Manchanda and Garg 2008) . These changes in the soil gradient consequently lead to a cascade of processes such as activation of signalling pathways, synthesis of specific proteins, osmotically active substances, enzymes and chaperones involved in control of water and ion flux, as well as elimination of oxygen radicals (Manchanda and Garg 2008) .
Soil salinity reduces survival and growth of rhizobia in the soil and inhibits rhizobia-legume symbiosis, resulting in lower productivity of legumes (Abd-Alla et al. 1998). Salinity affects the process of bacterial infection by causing reduced nodule formation, growth and function, and ultimately BNF. Different rhizobial species vary in their sensitivity to salt stress. There are some salt tolerant species such as R. fredii (Yelton et al. 1983 ) and R. meliloti (Zhang et al. 1991) , whereas others are salt sensitive such as R. leguminosarum (Chien et al. 1992; Gopalakrishnan et al. 2015) . Rhizobia cells are not only damaged by the osmotic forces of salt stress but also the toxic levels generated by sodium and chloride. Salinity also causes decreased uptake of nutrients in plants especially P, which binds with Ca ions commonly found in salt-stressed soils. Higher concentrations of ions in saline soils such as Na, Cl and sulphates accumulate in the plant cells leading to enzyme inactivation and inhibiting photosynthesis and protein synthesis (Gopalakrishnan et al. 2015; Serraj 2003) . Rhizobia are known to be more salt tolerant than the host plants with some rhizobial strains able to persist and survive in saline soils unable to support their legume host (Soussi et al. 2001) . Fast growing rhizobia are generally considered to be more tolerant to saline stress than the slow-growing Bradyrhizobia strains (Zahran 1999) . A study by Romdhane et al. (2009) reported that Medicago mediterraneum strains from control plants showed high sensitivity to salt at saline concentrations of more than 0.2%, however, they showed that strains isolated under water deficiency were tolerant to 3% NaCl (Romdhane et al. 2009 ). Drought affected nodulation of chickpea by M. mediterraneum strains were unable to induce nodulation under water stress (Romdhane et al. 2009 ). Nodulation of common bean by R. etli has also been shown to be highly sensitive to salt resulting to severe inhibition of nodule formation and nitrogen fixation (Mnasri et al. 2007 ).
Salinity generates negative osmotic potential that lowers the soil water potential. The ability of rhizobia to adapt to fluctuations in the osmolarity of their surrounding due to negative osmotic potential from salinity is of fundamental importance for their survival (Gopalakrishnan et al. 2015) . Osmoregulation is the main strategy employed by rhizobia to cope with salt stress where rhizobia use a variety of accumulated or non-accumulated osmoprotectants, including betaines, amino acids and sugars as a strategy to counter the high levels of salt concentration (Gouffi et al. 1999 (Gopalakrishnan et al. 2015; Guan et al. 2012; Streeter 2003; Sugawara et al. 2010) . In S. meliloti, at lower level of salt concentration, glutamate accumulates; at higher levels, glutamate and NAGGN accumulate, whereas at extremely higher concentrations, all the three osmolytes, glutamate, NAGGN, and trehalose accumulate (Smith et al. 2010) . Osmoprotectants also play a dual role, as shown in S. meliloti, by proline-betaine which serves as both energy source (under low osmotic stress) and osmoprotectants (under high osmotic stress) (Miller-Williams et al. 2006 ).
Heavy metal stress
Industrial operations currently discharge high amounts of heavy metals thus causing a threat to numerous ecological systems and agroecosystems (Cheung and Gu 2007) . Contamination of productive agricultural soils with heavy metals results from sources such as metal-containing fertilizers, herbicides, insecticides, fungicides, mining, smelters, power-generating stations and sewerage systems (Deepika et al. 2016; Robinson et al. 2001; Smith et al. 2003) . Heavy metals such as Cu, Ni, Cd, Zn, Cr, Pb are some of the most important inorganic pollutants. Even though some of these elements are essential for the growth of microorganisms, they can be harmful if present in excess quantities. Soil microorganisms are very sensitive when subjected to moderate heavy metal concentrations (Giller et al. 1998) . High levels of heavy metals in soil cause dramatic changes in microbial composition and function (Khan and Scullion 2002; Khan et al. 2009; Krujatz et al. 2012; Lakzian et al. 2002; Paudyal et al. 2007) resulting in microbial populations with higher tolerance to metals, but with lower diversity, when compared to unpolluted soils (Bååth et al. 1998) .
Al toxicity is a major problem as the solubility of Al 3+ increases under acidic condition, with its toxic effect due to its effect on rhizobial DNA (Paudyal et al. 2007 ). Chaudri et al. (2000) reported that irrigation with sewage sludge containing Zn or Cu significantly reduced the growth and survival of R. leguminosarum bv. trifolii and R. leguminosarum bv. viciae. Arora et al. (2010) investigated the impact of Al, Cu, Fe and Mo on growth and enzyme activity of fast and slowgrowing rhizobial species. The authors reported Ensifer meliloti had the greatest tolerance against these elements as compared to Bradyrhizobium. However, the authors showed that these strains were highly sensitive to Al as compared to other metals. Another common heavy metal contamination is by arsenic which is known to be carcinogenic and mostly found in contaminated drinking water and agricultural crops (Das et al. 2004 ). Free-living rhizobia colonised in soils containing high levels of arsenic result in reduced or absent nodules (Carrasco et al. 2005) . Arsenate interrupts various cellular functions such as ATP synthesis and oxidative phosphorylation, and also generates reactive oxygen species (ROS) inducing oxidative and osmotic damage (Deepika et al. 2016 ). Rhizobium species produce EPS which is known for formation of nitrogen fixing nodules in legumes, but recently their role in metal sorption has been studied (Reichman 2007; Wu et al. 2010) . These polymers have metal-binding and immobilization strategies to counteract the toxic effects of heavy metals such as precipitation, extracellular exclusion and intracellular accumulation of biopolymers (Gutnick and Bach 2000; Pal and Paul 2008) . EPS also contain organic compounds such as proteins, carbohydrates, and nucleic acids which act as bio-sorbents for removal of heavy metals capacities (Salehizadeh and Shojaosadati 2003) . Moreover, rhizobia also play a role in arsenic biogeochemistry by processes such as methylation, oxidation and reduction, sorption and desorption, which ultimately helps rhizobia to withstand arsenic stress (Deepika et al. 2016) . Symbiotically effective Rhizobium strains tolerant to arsenic have previously been reported (Carrasco et al. 2005; Mandal et al. 2011; Pajuelo et al. 2008) . A common stress response mechanism to heavy metal stress is the extrusion of these metals from the cell to reduce the accumulation levels that could lead to cell death. This response could work complimentarily to other mechanisms such as bioconversion of toxic metals to less toxic forms, accumulation of metal ions in the cell, precipitation, methylation and chelation of glutathione and other sulphurrich ligands (Lebrazi and Benbrahim 2014; Lima et al. 2006 ).
pH stress
Soil acidity affects survival of rhizobia in the legume nodules, rhizosphere and persistence in the soil especially in tropical regions (Anyango et al. 1995) . Stress due to soil acidity negatively affects nitrogen fixation from reduced nodulation (Hungria and Vargas 2000; Riccillo et al. 2000) . Several studies have isolated rhizobia strains with acid tolerance traits and response mechanisms underlying tolerance to extremes of pH. For instance, previous studies have reported that the survival of Ensifer meliloti can be greatly impacted by extremes of pH (de Lucena et al. 2010; Hellweg et al. 2009 ). Rhizobium tropici strain CIAT899 has also been shown to have a high stress tolerance to acidic environments (Graham et al. 1994) . Hellweg et al. (2009) revealed that the tolerance mechanism of Ensifer meliloti is characterized by differential expression of genes linked to certain cellular functions such as chemotaxis and biosynthesis of exopolysaccharides. Similar results were reported by de Lucena et al. (2010) , who linked the role of sigma factor RpoH1 in the stress tolerance regulatory system of Ensifer meliloti, in response to low pH stress. The authors identified the key players involved in stress response that were regulated by RpoH1 including genes coding for chaperones and heat shock proteins. Molecular basis for tolerance to pH stress also involves biosynthesis of exopolysaccharides, accumulation of polyamines and increased production of glutamate (Graham et al. 1994; Reeve et al. 2004 ). Moreover, glutathione production has been shown to confer resistance of Rhizobium tropici (Riccillo et al. 2000) and Rhizobium leguminosarum bv. phaseoli (Crockford et al. 1996) to environmental stresses such as soil acidity.
Previous studies have shown that the main symbionts of Mimosa species found in different parts of the world are from the genus Paraburkholderia, which may be linked to soil pH, for example in the acidic soils of Brazil where Paraburkholderia was found to be dominant (Bontemps et al. 2010; de Castro et al. 2018; dos Reis Jr et al. 2010) . Recent reports on soil characteristics have implied a general linkage of Alpha-proteobacteria to fertile soils with neutral or high pH, whereas infertile and acidic soils would tend to have Beta-proteobacteria (Bontemps et al. 2010) . A study by de Castro et al. (2018) confirmed a similar pattern with the acidic soils showing preference for association of Mimosa with Paraburkholderia, while the near-neutral pH soils were dominated with Rhizobium. Lemaire et al. (2015) also reported a co-existence between Mesorhizobium as a dominant group with Paraburkholderia, in acidic soils.
3 Regulation of gene and protein expression of rhizobia in response to stress Global response analyses, such as transcriptomics or proteomics studies, provide important insights of the overall cell physiological and morphological changes in response to environmental stimuli. Stress response genes are mainly conserved across rhizobia species. Survival under non-optimal conditions requires the ability to sense these fluctuations in the immediate surroundings and the ability to modulate gene expression to adjust bacterial physiology to new conditions (daSilva et al. 2017 ). In the rhizosphere, rhizobia cells are subject to mutiple environment including fluctuations in temperature, nutrients and water limitation, and competition with other microbes (Neudorf et al. 2015) . Over time, bacteria may evolve in order to adapt to changing environments and stressful conditions to sustain their primary function of selective transport of nutrients and waste products (Neudorf et al. 2015; Silhavy et al. 2010) . Several functional genomics studies of have reported various stress-responsive genes, encoding heat shock proteins, sigma factors, chaperonins, and oxidative stress response genes (Cytryn et al. 2007; Donati et al. 2011; Jeon et al. 2011) . These genes are induced to repair stress-induced damage and protect the cell via mechanisms such as accumulation of intracellular compounds, sugars, compatible solutes; induction of stress proteins for cell membrane protection and repair; production of EPS (Fig. 2) (Casteriano et al. 2013; Cytryn et al. 2007; Vanderlinde et al. 2010) . Microarray studies of Bradyrhizobium diazoefficiens USDA 110
T revealed a number of lipopolysaccharides and exopolysaccharides, transport genes, sugar transporter genes and heat shock genes which were all induced under desiccation stress (Cytryn et al. 2007 ). The authors also reported induction of a variety of genes involved in the repair of DNA damage, cell membrane repair and protection, and responses to oxidative and heat stress. Next-generation RNA sequencing study on Ensifer meliloti revealed induction of stress response genes in indole-3-acetic acid (IAA) overproducing strains (Defez et al. 2016; Meena et al. 2017) . This study compared transcription profiles of two E. meliloti strains, a wild-type strain-1021 and an IAA overproducing derivative RD64, whereby the genes coding for sigma factor RpoH1 and other stress responses were found to induce IAA overproducing strain of E. meliloti. Salt tolerance mechanisms, for instance, involve several gene families, which have been reported in E. meliloti, E. fredii, B. japonicum, R. etli, and R. tropici (Boscari et al. 2006; Gopalakrishnan et al. 2015) . The gene families identified include betaine (Boscari et al. 2006) , glycine-betaine and proline-betaine (Alloing et al. 2006; Boscari et al. 2006; Payakapong et al. 2006) , trehalose (Barra et al. 2003; Chen et al. 2002b; Jensen et al. 2002) , glucans, cation efflux , and sucrose .
The differential expression of stress response proteins has been reported in cells of R. leguminosarum and B. japonicum including heat shock proteins, phage shock proteins, uridyl transferase, Clp protease, GrpE protein, reductases and synthetases (Atieno et al. 2018) . The authors identified upregulated protein expression after growth of rhizobia in peat extract, thus demonstrating the role of these proteins in desiccation tolerance (Table 2 ). This study confirmed that growth of rhizobia in peat extract exposes cells to sub-lethal stress and this is likely to prime the cells for subsequent stress tolerance. A study B. japonicum reported a diverse number of proteins involved in heat and oxidative stress, formation of exopolysaccharides, sigma factors, transcription and translation (Humann and Kahn 2015) . Ribosomal proteins have also been shown to be induced under heat stress in B. japonicum (Encarnación et al. 2003) , and are involved with increased cell sensitivity to heat shock following abrupt temperature downshift (da Silva Batista and Hungria 2012). These stress-linked proteins are important in posttranslational regulation by protein-level regulation through inhibition and degradation of toxic elements in the cell (Raju et al. 2014) . They may act in preconditioning the cells or offer crossprotection and priming effect to the cells in subsequent stress conditions (Atieno et al. 2018) .
The expression of genes encoding for heat shock proteins (HSPs) are usually induced following a sudden temperature increase. The heat shock proteins induced due to temperature shift are divided into two major classes: chaperones and proteases (da-Silva et al. 2017 ). The first group of chaperones, such as GroESL and DnaKJ, play a key role in repairing misfolded proteins to allow them to resume their native and functional conformation (da-Silva et al. 2017 ). The first set of small HSPs in rhizobia were reported by Michiels et al. (1994) , who observed the expression of eight HSPs in heatsensitive strains and only two in the heat-resistant strains, thus showing the role of heat proteins in normal cell growth. These HSPs have also been reported in B. japonicum by Münchbach et al. (1999) who classified them into two groups; Class A -sHSPs similar to Escherichia coli IbpA and IbpB, and Class B -sHSPs similar to sHSPs from other prokaryotes and eukaryotes.
Chaperones are also key components of stress response, by functioning on hydrophobic domains of the target protein to regain their native structure upon denaturation due to stress (Hartl and Hayer-Hartl 2009 ). Chaperonins are a ubiquitous family of proteins that prevent misfolding of proteins and promote the refolding and proper assembly of unfolded polypeptides generated under stress conditions (Li et al. 2011 ) such as heat shock and nutrient deprivation (Sarma and Emerich 2005) . Chaperone genes are highly induced in heat-tolerant rhizobia strains as compared to heat sensitive strains (Alexandre and Oliveira 2011). In B. japonicum, GroEL chaperonins are known to be involved in the formation of the nitrogenase enzyme which is responsible for effective nitrogen fixation (Delmotte et al. 2010 ).
Proteases, which belongs to the family of heat shock proteins, play a significant role in response to environmental stress conditions by their ability to disaggregate and activate aggregated proteins accumulating under these conditions (Biter et al. 2012; Kedzierska and Matuszewska 2001) . Studies across a range of organisms have reported the role of Clp protease in improving tolerance to environmental stresses such as heat (Acebrón et al. 2009; Queitsch et al. 2000) . For instance, ClpB protein has been shown to have an important role in heat shock tolerance in rhizobia such as Mesorhizobium ciceri (Brígido et al. 2012) , M. loti (Alexandre et al. 2013 ) and M. mediterraneum (Paço et al. 2016) . In R. leguminosarum bv. viciae 3841, proteases such as CtpA are responsible for degrading misfolded periplasmic proteins in stress conditions (Gilbert et al. 2007) .
Phage shock proteins are induced under membrane stress conditions, such as heat and osmotic shock, and have been reported to function in stabilising membrane integrity and proton leakage repair due to damaged membranes (Casteriano et al. 2013; Kobayashi et al. 2007) . Antioxidant proteins such as thioredoxin are also essential in the cell's defence mechanisms by lowering reactive oxygen species (Pauly et al. 2006) . Thioredoxins are actively regulated in response to environmental cues and contribute to redox balance in oxidative stress (Buchanan and Balmer 2005) . They play a part in DNA repair as cofactors for ribonucleotide reductase and provide electrons for reduction of peptide Met sulfoxides in a number of proteins thus protecting them from oxidative damage (Lee et al. 2005) . These chaperones and proteases are also important under normal conditions, such as for the proper folding of newly synthesized polypeptides (da-Silva et al. 2017) . differentially expressed during these time points, indicating that Bradyrhizobium japonicum uses diverse regulatory pathways to respond to water stress conditions. Adapted from Cytryn et al. (2007) 
Conclusion
Rhizobia populations in the soil are highly efficient in nitrogen fixation and promoting plant growth but can also be well adapted to adverse environmental conditions Stress response in rhizobia is an area of key interest as the cells are not only exposed to soil conditions but also to the endosymbiotic environment in the plant roots and nodules. Moreover, the development of effective strains to develop effective rhizobial inoculants must always take into consideration the importance of stress tolerance (da-Silva et al. 2017 ). An inoculant formulation with bacteria that can survive biotic and abiotic stress conditions are more likely successful in the field. The global response of rhizobia to stress factors can be understood through proteomic and transcriptomic studies. Therefore, by exploring the genetic, physiological and morphological processes of stress response can contribute to the effort and knowledge of improving rhizobial inoculants. There has been documented and promising outcomes from identifying and overexpressing genes and proteins linked to stress response in the attempt to enhance symbiotic performance and survival of rhizobia. In addition to this, further research on additional genes and proteins will be fundamental in improving rhizobial strains tolerant to stress conditions, before being formulated as legume inoculants.
